We found that the ingestion of Cryptococcus neoformans by Drosophila melanogaster resulted in the death of the fly but that the ingestion of Saccharomyces cerevisiae or the nonpathogenic Cryptococcus kuetzingii or Cryptococcus laurentii did not. The C. neoformans protein kinase A and RAS signal transduction pathways, previously shown to be involved in virulence in mammals, also played a role in killing Drosophila. Mutation of the Toll immune response pathway, the predominant antifungal pathway of the fly, did not play a role in Drosophila defense following ingestion of the yeast. However, the Toll pathway was necessary for the clearance of C. neoformans introduced directly into the hemolymph of D. melanogaster and for the survival of systemically infected flies.
Fungal infections are a common cause of morbidity and mortality among immunocompromised patients, including human immunodeficiency virus-infected individuals (42) . Cryptococcal infections are a particularly common and often fatal complication of immune suppression (21, 24, 42, 52) . In immunocompromised patients, cryptococcal infection is caused by Cryptococcus neoformans var. neoformans, while the other variety, C. neoformans var. gattii, is usually associated with infections in immunocompetent individuals in tropical and subtropical areas. However, a significant epidemic caused by C. neoformans var. gattii on Vancouver Island has challenged this understanding, and some believe that this outbreak may represent the emergence of a new disease (50; http://ftp.cdc.gov /pub/infectious diseases/iceid/2002/pdf/starr.pdf).
Studies of the pathogenic mechanisms of C. neoformans have been enhanced by the development of transformation protocols, homologous recombination for genetic manipulations, and the establishment of several host models (7, 17, 28, 38, 53) . The most important C. neoformans virulence factors identified to date include the polysaccharide capsule (7, 46) and melanin (5, 14, 22, 44, 45) . Signal transduction cascades leading to the production of these C. neoformans virulence factors have also been elucidated (1, 15, 40) . These and other studies conducted during the past decade have established Cryptococcus as an important human pathogen and a model yeast for the study of fungal pathogenesis (41) .
Recently, the development of nonmammalian host models for Cryptococcus infection has emerged as a promising tool to facilitate the study of C. neoformans pathogenesis. Steenbergen et al. reported the use of the free-living amoeba Acanthamoeba castellanii as a model for the study of C. neoformans survival strategies following ingestion by macrophages (48, 49) . These investigators found that C. neoformans was phagocytosed by A. castellanii and that, once intracellular, C. neoformans replicated, eventually killing the amoeba. The process was remarkably similar to the events following the phagocytosis of C. neoformans by mammalian macrophages (37) . Recently, it was reported that C. neoformans is ingested by and kills the nematode Caenorhabditis elegans. It was shown that the C. neoformans polysaccharide capsule, as well as several C. neoformans genes previously shown to be involved in mammalian virulence, also play a role in the killing of C. elegans (40) .
During the past decade, the well-studied fruit fly Drosophila melanogaster has been extensively used to study the host innate response to microbial pathogens, leading to the discovery of a high degree of conservation in the innate immune signaling pathways between mammals and insects (27) . In D. melanogaster, activation of the immune response is regulated by at least two pathways: the Toll pathway and the Imd pathway, two parallel signaling cascades which both contribute to the Drosophila response against microbes (30, 33, 54) . Following fungal infection, the Toll receptor on the surface of fat body cells is activated by a cleaved form of a cytokine-like protein, Spatzle (Spz), which is present in the Drosophila hemolymph. The physical interaction between Spz and Toll initiates an intracellular cascade that triggers signal transduction through the threonine-serine kinase Pelle (26, 57) . This signal leads to the phosphorylation and degradation of Cactus, the release and subsequent nuclear translocation of the Rel family transcription factors Dorsal and Dif, and the synthesis of antifungal and antibacterial peptides (57) . Similarly, the Imd pathway leads to the activation of the Rel family transcription factor Relish (29) and the synthesis of antibacterial peptides. The Drosophila Toll and Imd signaling pathways exhibit striking similarities to the Toll-like receptor and tumor necrosis factor alpha pathways, respectively, which regulate NF-B activity in vertebrates, suggesting common evolutionary roots (27) .
Because recent reports suggest that the virulence factors of C. neoformans involved in mammalian pathogenesis may have evolved as a consequence of the interaction of yeast with environmental predators such as amoebae and nematodes (6) and because D. melanogaster has been a valuable model for the study of host-pathogen interactions (3, 9, 12, 31, 33) , we studied the interaction between C. neoformans and D. melanogaster. Here, we show that C. neoformans is a potent pathogen of Drosophila when it is ingested but not when it is injected. By analyzing the role of the Toll and Imd innate immune signaling pathways, we show that the Toll pathway does not appear to play any role in conferring resistance to ingested C. neoformans on D. melanogaster but is necessary for protection against systemic C. neoformans infection of the fly following injection.
MATERIALS AND METHODS
Strains and media. The C. neoformans strains used in these experiments are listed in Table 1 . Cryptococcus laurentii strain ATCC 76483 and Cryptococcus kuetzingii strain ATCC 42276 were obtained from the American Type Culture Collection (ATCC). The sources of the other strains are indicated in Table 1 . Yeast cultures were maintained on yeast peptone dextrose (YPD; Difco) agar.
The Oregon-R (OR) strain of D. melanogaster was used as the wild type. Stocks and crosses were maintained on a standard cornmeal medium. The imd 1 and imd 1 ; spz rm7 lines used in this study have been described (36) . The spz rm7 (34) and spz 197 (Bloomington stock center) alleles were used to obtain spz mutant adults. All experiments were performed at 25°C.
Infection protocols.
We initially assessed different media for the growth of C. neoformans and other yeasts prior to ingestion by the flies. We found that diluted YPD (1/3 YDP) agar medium (17 g of YPD/liter instead of the generally used concentration of 50 g/liter) enhanced the virulence of C. neoformans compared to regular YPD agar (50 g/liter) or brain heart infusion (BHI) medium (Difco); therefore, for all assays involving infection by ingestion, yeasts were grown on 1/3 YPD agar medium and grown overnight to form a lawn covering the medium surface. For the ingestion assay, 50 l of an overnight liquid YPD medium culture of C. neoformans, C. kuetzingii, C. laurentii, or Saccharomyces cerevisiae was spread in a fly vial containing 2 ml of 1/3 YPD agar medium. For each experimental condition tested, approximately 80 male flies were divided in three vials and transferred to new vials every 24 h. Results for female flies were qualitatively similar to those for males, although some quantitative differences between genders were evident. Each experiment was performed in duplicate or triplicate; similar results were always obtained, and results of representative experiments are shown in the figures.
Injection assay. The dorsal part of the fly thorax was pricked with a sharpened needle (100-m diameter) dipped into pelleted yeast cultures that had been grown overnight at 30°C. Approximately 400 yeast cells were introduced into each fly, as judged by counting CFU immediately after injection (see below). For each experimental condition, 50 to 70 male adults aged 2 to 4 days were inoculated. Similar results were obtained with female flies, although minor quantitative differences between genders were evident. Flies that died within 3 h after injection (less than 5% of the total) were not considered in the analysis.
The STATA 6 statistical software package (Stata, College Station, Tex.) was used to plot killing curves by the Kaplan-Meier method and to estimate statistical differences in fly survival. The time required for 50% of the flies to die (LT 50 ) was calculated with Prism, version 2.00, software (GraphPad) by using the equation
, where X is the logarithm of the number of hours, Y is the average number of dead flies, ET 50 is the 50% effective time, Top and Bottom are the highest and lowest plateaus, respectively, and Hill slope is the degree of curve inclination.
Yeast CFU were enumerated as previously described (8), by plating serial dilutions of homogenates of five adults on YPD plates containing ampicillin, 
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APIDIANAKIS ET AL. EUKARYOT. CELL streptomycin, and kanamycin to prevent bacterial contamination. Prior to homogenization, flies ingesting cryptococci were washed by pipetting in water to remove surface yeast. For the enumeration of yeast in injected flies, the inoculum site was dissected away prior to homogenization and culturing to avoid counting organisms embedded in the wound clot; this process involved the removal of ca. one-fourth of the dorsal thorax with a pair of microsurgical scissors. Plates were incubated at 30°C. Each experiment was performed in duplicate, and the standard deviation was calculated. Extraction of hemolymph for culture. To assess the presence or absence of yeast in the hemolymph, a 1-l sample was extracted as follows. First, a hole was made in the dorsal thoracic cuticle with a sharpened metal needle (diameter, 100 mm). Then, the tip of a Pasteur pipette, manipulated in a flame to decrease its diameter, was inserted through the cuticle hole in a left-to-right direction and dorsal enough to avoid the fly midgut. Negative pressure was applied, and the extracted hemolymph was added to 100 l of phosphate-buffered saline and spread onto plates.
RESULTS

Killing of D. melanogaster through feeding on C. neoformans.
To investigate the interplay between C. neoformans and D. melanogaster, we fed flies with wild-type C. neoformans (H99) grown on various media differing in richness (1/3 YPD, YPD, and BHI media, described in Materials and Methods). Interestingly, we observed Drosophila killing only when C. neoformans was grown on 1/3 YPD medium prior to feeding (Fig.  1A) . This result is in agreement with observations that Cryptococcus virulence is enhanced by growth under nutrient-limiting conditions (1, 2) .
To assess whether different human pathogenic strains of C. neoformans are virulent following ingestion by flies, we used different serotypes of C. neoformans. All serotypes tested killed 100% of the flies within 2 to 3 days (Fig. 1B) . In contrast, two nonpathogenic cryptococci, C. laurentii and C. kuetzingii, killed only approximately 25% of the flies over 7 days (Fig. 1B) . Two S. cerevisiae strains (YJM145 and YJM237) had no effect on the life spans of the flies (Fig. 1B) , confirming that this yeast, which is often used for D. melanogaster maintenance in the laboratory, is nonpathogenic. Importantly, when fed heatkilled cells of C. neoformans (H99), more than 90% of the flies survived over an 8-day period (data not shown), indicating that only live C. neoformans organisms are virulent for D. melanogaster.
Genes associated with pathogenesis in mammals cause enhanced killing of Drosophila by C. neoformans. Capsule and melanin production in C. neoformans are regulated by a cyclic AMP-dependent protein kinase A (PKA) signaling pathway. PKA is composed of catalytic and regulatory subunits encoded by the PKA1 and PKR1 genes, respectively (15) . Strains in which the PKA1 gene is disrupted display attenuated virulence in murine and Caenorhabditis elegans cryptococcosis infection models, whereas strains with disruptions in the PKR1 gene overproduce capsule and are hypervirulent (15, 16) . As shown in Fig. 2 , similar to the results obtained for mice and nematodes, the pka1 mutant was significantly less virulent than the isogenic wild type (P Ͻ 0.001) or the reconstituted strain, which contains the PKA1 gene integrated into the pka1 mutant genome (2, 15, 16) , whereas the pkr1 mutant was hypervirulent (flies fed on pkr1 died 8 h faster than flies fed on the parental strain, H99) ( Table 1 ). In addition to the PKA signaling pathway, another regulatory pathway associated with C. neoformans infection in mammalian hosts involves a RAS1-specific signaling cascade (1). In the D. melanogaster feeding assay, the virulence of a C. neoformans ras1 mutant was also attenuated compared to those of the wild type and a ras1ϩRAS1 reconstituted strain (Fig. 2 and Table 1 ). These results suggest that, at least in the case of the PKA and RAS signaling pathways, there is a close correlation between cryptococcal factors required for virulence in three disparate hosts: Caenorhabditis elegans, Drosophila, and mammals (mice and rabbits). The induction of the PKA/PKR and RAS pathways and the formation of a capsule in C. neoformans have previously been associated with growth in minimal media (1, 2) . Similarly, in our experiments, C. neoformans strain H99 did not kill flies when grown on a rich medium such as undiluted YPD or BHI agar (Fig. 1A) but did when grown on more minimal media (1/3 YPD).
In mammalian hosts, the C. neoformans polysaccharide capsule, which distinguishes C. neoformans from many other pathogenic fungi, protects against phagocytosis and killing by immune effector cells and also blocks the presentation of antigen to T cells and the production of cytokines (4, 13, 18) . To determine the role of the capsule in Drosophila killing, we tested cap59, an acapsular derivative of H99 (43) . Interestingly, although differences between cap59 and H99 are evident (flies fed on cap59 died 8 h later than flies fed on the parental strain H99 [ Table 1 ]), the cap59 mutation did not cause a major diminution in virulence, indicating that the capsule is not a major virulence factor in the Drosophila-C. neoformans interaction.
Cryptococcal accumulation in the fly following ingestion. We determined the number of CFU of C. neoformans that had accumulated in the fly following ingestion as described in Materials and Methods. Cryptococcal cells accumulated in wildtype flies, reaching titers of 1.4 ϫ 10 3 , 3.3 ϫ 10 3 , 1.1 ϫ 10 4 , and 5 ϫ 10 4 after 6, 12, 24, and 48 h of exposure, respectively. We selected time points only up to 48 h because more than 50% of wild-type flies were already dead by that time (Fig. 2) . Independent experiments showed that 50% mortality correlated with a fungal burden of 2 ϫ 10 4 to 5 ϫ 10 4 per fly. Similar results were obtained with the pka1 and ras1 mutants (Table  1) . In contrast, 50% mortality for the cap59 and pkr1 mutants corresponded to a fungal burden of approximately 5 ϫ 10 3 cells per fly ( Table 1) .
Role of starvation in killing of Drosophila by C. neoformans. To rule out the possibility that flies feeding on C. neoformans were dying simply due to starvation, because this yeast is a nonnutritional source of food, we compared the survival of flies continuously exposed to C. neoformans with the survival of flies exposed for 18 h per day and starved for the remaining 6 h. Reduction of the exposure of flies to C. neoformans from 24 to 18 h per day yielded significantly longer survival times (Fig.  3A) , demonstrating that starvation per se is not the sole mechanism by which Cryptococcus kills the fly.
Role of Drosophila innate immune signaling pathways in defense against ingested C. neoformans. To evaluate whether previously described innate immune signaling pathways of D. melanogaster are involved in an effective response to the ingestion of C. neoformans, we tested various fly strains mutated in the Imd and/or Toll pathways, the two most prominent pathways dictating immune responses, for survival following the ingestion of C. neoformans. Surprisingly, strains with a mutation in either the Imd or the Toll pathway were not more susceptible to killing than wild-type flies (data not shown). Among the strains tested, imd; spz double mutants were defective in both antifungal and antibacterial responses. Still, these flies survived as well as the wild type (Fig. 3B ). This finding shows that either the fly immune system does not provide resistance to C. neoformans following ingestion or C. neoformans effectively blocks the immune response.
Yeast cells are undetectable in fly hemolymph following ingestion of C. neoformans. The fact that the Drosophila immune system did not affect killing in the C. neoformans ingestion assay suggests that killing may not be a consequence of the systemic growth of C. neoformans in the Drosophila hemolymph. To test this hypothesis, we extracted samples of hemolymph (ϳ1 l each) at 24 and 48 h following the initiation of feeding. Analyzing six flies at each time point, we detected virtually no yeast (an average of 0.8 CFU per fly) in the hemolymph. As a control, in parallel experiments (see below) in which ca. 400 CFU of H99 was injected directly into the hemolymph, ca. 20 yeast cells per fly could be recovered 3 h later.
As an alternative approach to detecting the systemic spread of C. neoformans following its ingestion by D. melanogaster flies, we fed flies a strain of C. neoformans that constitutively expresses green fluorescent protein (GFP) ( Table 1) (Fig. 4A) and most of these flies survived the infection (Fig. 4B) ; this result indicates that the wild-type fly is capable of clearing a systemic infection. As was the case for wild-type flies, no killing was observed when imd mutant flies were injected with C. neoformans (Fig. 4B ) and the imd mutant flies rapidly cleared the yeast (data not shown). In contrast to wild-type and imd mutant flies, however, spz mutant flies and spz; imd double mutants were highly susceptible to C. neoformans killing following injection (Fig. 4B) and C. neoformans multiplied in these mutants following injection ( Fig. 4A and data not shown) . Taken together, these findings provide evidence that the well-established antifungal pathway of the fly plays a pivotal role following systemic infection with C. neoformans.
DISCUSSION
D. melanogaster typically feeds on yeast as a natural source of nutrients (51) . In this paper, we report the novel observation that strains of the pathogenic yeast C. neoformans kill D. melanogaster, in contrast to the nonpathogenic yeasts C. laurentii, C. kuetzingii, and S. cerevisiae. We excluded the possibility that the killing of flies is simply a consequence of starvation, because flies that were exposed to C. neoformans for a portion of the day and starved for the rest of the day lived significantly longer than flies exposed to C. neoformans continuously. Also, when fed heat-killed cells of C. neoformans (H99), more than 90% of the flies survived over an 8-day period, indicating that C. neoformans can provide adequate nutrients. Hence, it is likely that live C. neoformans organisms cause an infection-like process leading to mortality.
Following its ingestion by D. melanogaster, C. neoformans was restricted to the digestive tract and did not gain access to the hemolymph. Different observations support this notion: (i) we detected few if any yeast cells in extracted hemolymph samples, and (ii) we failed to detect fluorescent cryptococci outside the fly gut. Nevertheless, wild-type flies are able to clear significant numbers of systemically introduced cryptococci; thus, we cannot exclude the possibility that a number of yeast cells adhere to or penetrate into the fly during feeding.
Interestingly, the virulence of C. neoformans for flies was reduced when the yeast was grown on rich media, suggesting that factors inducible in minimal media affect virulence. Indeed, genes associated with the PKA and RAS signal transduction pathways that are known to be induced in minimal media and that were previously shown to be involved in the mammalian virulence of C. neoformans were also shown to play a significant role in the killing of Drosophila by C. neoformans. Despite the fact that the PKA and RAS signaling pathways are involved in capsule production, however, the virulence of the acapsular cap59 mutant was not dramatically reduced in Drosophila, a result that was similar to our findings for Caenorhabditis elegans (40) . In addition to capsule formation, the PKA pathway is known to affect melanin production and the alpha mating factor, and RAS1 affects at least the last process as well (1, 16) . Because mutations in these pathways have a more severe effect on virulence in Drosophila than the cap59 mutation does, we conclude that PKA-and Ras1-regulated factors unrelated to C. neoformans capsule formation could be primarily responsible for fly killing.
In contrast to the observation that the virulence of the C. neoformans acapsular mutant is not profoundly affected, the observation that the C. neoformans pkr1 mutant, which overproduces capsule, is hypervirulent and lethal in lower doses (Table 1) suggests that the capsule may play a role in the killing of Drosophila. On the other hand, C. laurentii also forms a capsule, and this organism is rarely identified in clinical specimens and is not pathogenic to nematodes or flies. Thus, it is possible that factors unrelated to the capsule, which may also be altered in the pkr1 mutant, are responsible for the hypervirulence of this strain.
Our data suggest that Cryptococcus-mediated killing of Drosophila following ingestion involves a variety of factors relevant to mammalian pathogenesis and is therefore a promising model with which to study fungal pathogenesis. This notion is strengthened by the recent appreciation that C. neoformans pathogenesis may be a consequence of adaptations that have evolved during the interaction of C. neoformans with environmental predators such as free-living nematodes and amoebae and that these adaptations may have selected for virulence factors that also play key roles in human disease (6) . Thus, either Drosophila could be a natural predator for C. neoformans, since it is known to feed on decayed fruits in the wild (54) , or it may resemble a natural predator, as has been proposed for Caenorhabditis elegans (40) .
In Drosophila, fungi and bacteria activate the Toll receptor 
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DROSOPHILA AND CRYPTOCOCCUS NEOFORMANS 417 pathway, which in turn leads to the production of antimicrobial peptides. Gram-negative bacteria primarily activate a parallel pathway (the Imd pathway), which also leads to the induction of antibacterial peptides. Additional evidence indicates that cross talk occurs between the two pathways (10) and that there may be activation of distinct sets of effector molecules in response to different categories of pathogens. In our experiments, the antifungal immune response mediated by the Toll pathway in flies was important in clearing systemic infection by C. neoformans, but neither the Toll nor the Imd pathway protected against killing after the ingestion of C. neoformans. Our results are in agreement with previous work reporting that the expression of the antifungal effector Drosomycin in the fly digestive system is not dependent on Toll signaling (20) and that the Toll-mediated host responses, which are highly expressed in the fat body following systemic infection (34) , are apparently absent from the fly intestine (20, 55) .
In conclusion, C. neoformans pathogenesis may be a consequence of adaptations that have evolved during the interaction of C. neoformans with environmental predators; our data suggest that the ingestion of C. neoformans by D. melanogaster may help to model certain aspects of mammalian pathogenesis of this yeast. Our data also suggest that there are significant differences in the systemic and intestinal responses of D. melanogaster to pathogens. Comparative studies of Drosophila responses to systemic versus intestinal exposure to C. neoformans may lead to a deeper understanding of host-fungus interactions and innate immunity. 
